To acquire information on signal alteration corresponding to the changes in metastatic potential, we analysed protein tyrosine phosphorylation of low-and high-metastatic human osteosarcoma HuO9 sublines, which were recently established as the first metastatic model of human osteosarcoma. Tyrosine phosphorylation of proteins around 60, 70, and 120-130 kDa was enhanced in highmetastatic sublines. Among these proteins, the protein around 70 kDa, which was most remarkably phosphorylated, was identified as paxillin, a scaffold protein in integrin signaling. Activity of Src family kinase correlated well with metastatic potential, and a Src family kinase inhibitor, PP2, not only abolished tyrosine phosphorylation of paxillin but also impaired the motility of highmetastatic sublines. The expression of paxillin was also elevated in high-metastatic sublines, and knocking down of paxillin expression by RNAi method resulted in attenuated motility of high-metastatic cells. We also demonstrated that the phosphorylated form of paxillin is essential for the migration-promoting effect in human osteosarcoma. These findings suggest that enhanced activity of Src family kinases and overexpression of paxillin synergistically contribute to the high metastatic potential of human osteosarcoma through the hyperphosphorylation of paxillin.
Introduction
Multiple steps of tumor metastasis are regulated by various external stimuli such as hormones, cytokines and extracellular matrices. As major mediators of these stimuli, both receptor and nonreceptor tyrosine kinases play important roles to elicit intracellular signal transduction in response to the metastatic environment of tumor cells (Pawson, 2004) . Various processes such as cell adhesion, anchorage-independent growth, cell motility, and cell invasion, which are essential components of tumor metastasis, are regulated by tyrosine phosphorylation. Indeed, the activation of Src family tyrosine kinases is frequently found during proliferation and metastasis of human cancers (Yeatman, 2004) , indicating that tumor progression is reflected by the activity of tyrosine kinase and phosphorylation states of substrates in metastatic tumors.
Osteosarcoma is a primary malignant bone tumor that usually affects teenagers and frequent metastasis to the lungs is a clinical characteristic of osteosarcoma. As many as 20% of patients are estimated to have pulmonary metastases at the time of diagnosis and their prognosis is extremely poor with 10-20% 5-year survival rate (Meyers et al., 1993; Tsuchiya et al., 2002) . Even though patients did not have metastases at the time of diagnosis, 35-50% of them developed pulmonary metastases during treatment (Huth and Eilber, 1989; Ward et al., 1994) . For this reason, pulmonary metastasis of osteosarcoma requires effective prevention and treatment.
Investigation of pulmonary metastasis of human osteosarcoma was impeded by the lack of a proper metastatic model of human osteosarcoma cell lines. Recently, Kimura et al. (2002) established human osteosarcoma cell lines with high metastatic potential to the lungs for the first time. From parental HuO9 cells, M112 and M132 were established as high-metastatic sublines, which developed more than 200 macroscopic metastatic nodules in the lungs after injection of 2 Â 10 6 cells into the tail vein of nude mice. On the other hand, L12 and L13 are low-metastatic sublines established by the dilution plating method from the same parent HuO9 cells (Nakano et al., 2003) . These sublines developed only 0-15 macroscopic nodules in the lungs after injection of 2 Â 10 6 cells and all mice survived up to 200 days.
In order to acquire information on signal alteration corresponding to the changes in metastatic potential, we compared the profile of protein tyrosine phosphorylation by utilizing these HuO9-derived sublines. A 68 kDa cytoskeletal protein, paxillin, was identified as a molecule that shows the most outstanding difference in phosphorylation state between low-and high-metastatic sublines among several phosphotyrosine-containing proteins that are differentially phosphorylated in these sublines. Paxillin has no intrinsic enzymatic activity, but it has multiple domains that interact with cytoskeletal and signaling molecules, and functions as a scaffold protein at focal adhesions (Turner, 2000; Schaller, 2001) . Paxillin contains two critical tyrosine phosphorylation sites at Tyr 31 and Tyr 118 (Schaller and Parsons, 1995) . These phosphotyrosines are considered to serve as docking sites for other signaling molecules, but it remains controversial whether these phosphotyrosines have promoting effect or inhibitory effect on cell motility.
In this study, we show overexpression and hyperphosphorylation of paxillin in high-metastatic sublines of human osteosarcoma, indicating that, in the case of human osteosarcoma, tyrosine phosphorylation of paxillin has a promoting effect for cell migration. We also demonstrate that elevated activity of Src family kinases in high-metastatic sublines is essential for the enhanced motility for these osteosarcoma cells, suggesting the contribution of Src family kinase activity to the high metastatic potential of human osteosarcoma.
Results

General enhancement of tyrosine phosphorylation in highmetastatic HuO9 sublines
First, we confirmed the difference in motility between low-and high-metastatic sublines using Cell Culture Insert. High-metastatic sublines, M112 and M132, showed more than six times as high motility as lowmetastatic sublines, L12 and L13 (data not shown). This result indicates that the motility of HuO9 sublines indeed correlates with their metastatic potential as previously reported (Nakano et al., 2003) .
To clarify the factors that determine the metastatic potential of HuO9 sublines, we compared expression patterns of phosphotyrosine-containing proteins between low-and high-metastatic sublines (Figure 1 ). General enhancement of tyrosine phosphorylation was observed in high-metastatic sublines, M112 and M132, as well as parental HuO9, which also has rather high metastatic potential (Nakano et al., 2003) . Among several phosphotyrosine-containing proteins showing elevated phosphorylation in high-metastatic sublines, the most striking difference was a broad band around 70 kDa (marked b in Figure 1 ). In addition, there were several other minor phosphotyrosine-containing proteins differentially expressed between low-and highmetastatic sublines, such as proteins around 60 kDa (marked c in Figure 1 ) and 120-130 kDa (marked a in Figure 1 ). These differences in tyrosine phosphorylation were consistent at different time points after plating (6 and 24 h) with and without fibronectin coating (Supplementary Figure 1 and data not shown).
As candidate proteins of the difference around 120-130 kDa tyrosine phosphorylation, p130
Cas and focal adhesion kinase (FAK) were examined using phospho-specific antibodies (Figure 2 ). p130
Cas is a docking protein involved in the integrin signaling. We generated phospho-specific antibodies against several putative phosphorylation sites of p130
Cas and used them for the analysis. As a result, elevated phosphorylation of Tyr 762 was found in high-metastatic sublines (2.5 times as much as low-metastatic sublines), while phosphorylation of Tyr 460 of p130
Cas did not show obvious correlation with metastatic potential (Figure 2a ). Tyr 460 represents tandem YDXP motifs in the substrate domain of p130 Cas , which binds (Crk) (Sakai et al., 1994) or Nck (Schlaepfer et al., 1997) , and Tyr 762 consists of YDYV motif, which serves as a Src-binding site when phosphorylated (Nakamoto et al., 1996) . Expression of p130
Cas did not vary significantly among each subline ( Figure 2a) .
FAK is a nonreceptor tyrosine kinase, which is also involved in the integrin signaling, and its Tyr 397 is autophosphorylated when FAK is activated (Schaller et al., 1994) . The expression of FAK and phosphorylation on Tyr 397 of FAK were analysed. However, no remarkable elevation of tyrosine-phosphorylated FAK was detected in high-metastatic sublines (Figure 2b) .
To identify the phosphotyrosine-containing protein around 60 kDa, the expression level and tyrosine phosphorylation of Src family kinases was examined. Among the members of Src family kinases, only Fyn kinase had the tendency of hyperphosphorylation in high-metastatic sublines (Figure 2c ). Tyrosine phosphorylation of c-Src, Yes, and Fgr, other members of Src family kinases that were examined, did not correlate with the metastatic potential (data not shown). However, absorption of Fyn by anti-Fyn antibody from lysates of low-and high-metastatic sublines could not remove the difference in tyrosine phosphorylation around 60 kDa (data not shown), indicating that not only Fyn contributes to the elevation of tyrosine phosphorylation around 60 kDa.
Overexpression and hyperphosphorylation of paxillin in high-metastatic HuO9 sublines
From the molecular size and the broad appearance of the 70 kDa protein, we estimated that this highly phosphorylated protein in high-metastatic sublines was paxillin. Using a specific antibody of phospho-paxillin (Tyr 118) for the blotting of whole-cell lysates, it was confirmed that high-metastatic sublines indeed contained a higher amount of tyrosine-phosphorylated paxillin in high-metastatic sublines ( Figure 3A) . It was also found that total paxillin expression was elevated in high-metastatic sublines compared with low-metastatic sublines ( Figure 3A) . As for both total paxillin and phospho-paxillin, high-metastatic sublines were estimated to contain about three to five times as much as low-metastatic sublines using densitometric analysis.
Absorption of paxillin by anti-paxillin antibody from lysates of low-and high-metastatic sublines remove most of the difference in tyrosine phosphorylation around 70 kDa ( Figure 3B ), indicating that paxillin mainly contributes to the elevation of tyrosine phosphorylation around 70 kDa.
Immunostaining of paxillin revealed that total paxillin and phospho-paxillin (Tyr 118) localize at focal adhesions, which were characterized at both ends of the actin filaments in L12 and M132 cells ( Figure 3C ). There was no significant change in the localization of paxillin by the metastatic potential of sublines, although the staining of total paxillin and phospho-paxillin were stronger in high-metastatic sublines than those in lowmetastatic sublines ( Figure 3D ).
Src family kinase activity is elevated in the high-metastatic sublines
The general enhancement of tyrosine phosphorylation in high-metastatic sublines (Figure 1 ) suggests that the activity of some tyrosine kinases were enhanced in highmetastatic sublines. Therefore, we examined which tyrosine kinase is responsible for the high metastatic potential.
First, the difference in Src family kinase activity was investigated using Src-2 antibody, which is known to recognize wide ranges of Src family kinases. As a result, the activity of Src family kinases was elevated in the high-metastatic sublines compared with low-metastatic sublines (Figure 4a ). The candidate for the Src family kinase responsible for the elevated kinase activity in high-metastatic sublines might be Fyn, which showed enhanced autophosphorylation in high-metastatic sublines ( Figure 2c ). We also examined the kinase activity of FAK and c-Abl, which are also reported to phosphorylate the tyrosine residues of paxillin. However, we observed a lack of correlation between kinase activity of FAK or c-Abl and metastatic potential ( Figure 4b ).
To check the influence of Src family kinase activity on cell motility elevated in high-metastatic sublines, cell migration assay was performed. In the high-metastatic sublines treated with PP2, an inhibitor of Src family kinases, motility was significantly suppressed, while in ). The effect of Src family kinase on the tyrosine phosphorylation of paxillin was also evaluated. When, highmetastatic sublines were treated with PP2, the tyrosine phosphorylation of paxillin was almost completely abolished, while the phosphorylation remained unchanged when the cells were treated with PP3 ( Figure 4d ). These results indicate that, in highmetastatic sublines of HuO9, tyrosine phosphorylation of paxillin and enhanced cell motility are mostly dependent on the activity of Src family kinases.
Cell migration was attenuated by knocking down of paxillin expression in high-metastatic sublines
To evaluate the direct involvement of paxillin in the cell motility of the osteosarcoma cells, paxillin expression was knocked down using RNA interference (RNAi) in high-metastatic HuO9 sublines. Using a novel approach called the Dicer method to introduce a series of short interfering RNA (siRNA) into the cells, paxillin expression was suppressed by about 60%, while phosphopaxillin decreased by about 30% compared with LacZ siRNA-treated cells (Figure 5a ). Although the expression of paxillin was not completely suppressed, cell motility was impaired by about twothirds by treatment with paxillin siRNA when compared with LacZ siRNA-treated cells (Figure 5b ). This difference is statistically significant over nonspecific effects of siRNA on cell survival and motility.
This attenuation of motility was not observed when the expression of p130
Cas was knocked down using the Dicer method in high-metastatic sublines (Supplementary Figure 2a, b) . These results indicate paxillin rather than p130
Cas is more closely associated with the motility of osteosarcoma sublines.
Overexpression of paxillin and elevation of Src family kinase activity synergistically enhance the motility of human osteosarcoma
To further examine the role of paxillin and its tyrosine phosphorylation on the motility of osteosarcoma sublines, the effect of transient transfection of GFP-paxillin and its phenylalanine mutant of two tyrosines (2F mutant) was evaluated. In 2F mutant, two critical tyrosine phosphorylation sites at Tyr 31 and Tyr 118 Figure 4 Elevated Src family kinase activity in high-metastatic sublines. (a) Elevated Src family kinase activity in high-metastatic sublines. Src family kinases of low-and high-metastatic sublines and parental HuO9 cell lysates were immunoprecipitated by Src-2 antibody. Lysates of L12 and M112 immunoprecipitated with preimmune rabbit serum were used as negative controls. Kinase activity was evaluated by phosphorylation of exogenous synthetic polypeptide poly[Glu-Tyr](4:1). The density of each smear (between 50 and 150 kDa, area shown by a bracket) was quantified. (b) FAK or c-Abl of low-and high-metastatic sublines and parental HuO9 were immunoprecipitated by monoclonal antibodies. To evaluate kinase activity, exogenous synthetic polypeptide poly[Glu-Tyr](4:1) was used. The kinase activities were quantified according to the same method as described in (a). (c) Src family kinase inhibitor PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine) impairs the motility of high-metastatic sublines. Motility of lowand high-metastatic sublines and parental HuO9 cells was evaluated by migration assay as described in Materials and methods. As for high-metastatic sublines, M112 and M132, motility in the presence of 10 mM of PP2 or 10 mM of PP3 (4-amino-7-phenylpyrazol [3,4-d] were mutated to phenylalanine, and these tyrosine residues were confirmed to be major phosphorylation sites by transient transfection of GFP-paxillin and GFP-2F mutant to COS-7 cells ( Figure 6A ).
Next, GFP-paxillin and GFP-2F mutant were transiently expressed in the low-metastatic subline, L12 ( Figure 6B , arrowhead in lower panel). The tyrosine phosphorylation of GFP-paxillin was detected by phospho-paxillin (Tyr 118) antibody in L12 ( Figure 6B , arrowhead in upper panel), although this polyclonal antibody showed slight reactivity even to the 2F mutant of paxillin. Both GFP-paxillin and GFP-2F mutant were confirmed to localize at focal adhesions ( Figure 6C ). Figure 6D ). This indicates that the amount of wild-type paxillin is positively correlated with the motility of osteosarcoma sublines. Considering that GFP-2F mutant could localize at focal adhesions ( Figure 6C ), the lack of motility-promoting effect of GFP-2F mutant was due to the absence of phosphorylation at Tyr 31 and Tyr 118.
The synergistic effect of paxillin overexpression and Src family kinase activity was examined using a low-metastatic subline, L12. We established L12 cells that stably express more than five times as much an amount of exogenous paxillin as the wild-type L12 subline, which is a similar level of endogenous paxillin in the high-metastatic sublines. FLAG epitopetagged Fyn was transiently transfected to wild-type L12 cells and paxillin-overexpressing L12 cells ( Figure 6E ). Enhancement of tyrosine phosphorylation of paxillin was observed in Fyn-FLAG-transfected cells compared with mock-transfected cells in both wild-type L12 and paxillin-overexpressing L12 cells ( Figure 6F ). Cell migration assay reveals that overexpression of both Fyn-FLAG and paxillin-FLAG significantly enhances the cell motility of L12 cells ( Figure 6G ). This result of cell migration was correlated with the amount of phospho-paxillin in the cells ( Figure 6F , upper panel), which suggests that overexpression of paxillin and Fyn contributes to the enhanced motility through the tyrosine phosphorylation of paxillin.
Discussion
We have shown the general enhancement of tyrosine phosphorylation in high-metastatic HuO9 sublines, and the elevated activation of Src family kinase. Among the substrates of Src family kinase, prominent phosphorylation of paxillin along with elevated expression of paxillin was observed in the high-metastatic sublines.
Since human osteosarcoma cell lines suitable for metastatic study were not available, results of previous biochemical analysis on metastatic osteosarcoma were derived from murine models (Khanna et al., 2001 (Khanna et al., , 2004 Iwaya et al., 2003) . The present study is the first biochemical analysis on human metastatic osteosarcoma. We used four independent, but genetically close sublines of osteosarcoma that are excellent tools for analysis of signal alteration in the process of acquiring metastatic potential. The high-metastatic sublines were established by in vivo selection and the low-metastatic sublines by the dilution plating method. Considering that malignant tumors contain subpopulations of different metastatic capabilities, these selection methods resemble authentic events during the progression of osteosarcoma. Moreover, these sublines were established without any manipulation of genes, which minimizes the artificial effects on our study.
In these sublines of human osteosarcoma, the results of cell motility assay clearly reflected metastatic potential (Nakano et al., 2003) . This is reasonable because the properties of cancer cells measured by cell migration assay such as cell movement and ability to interact with extracellular matrix are critical factors during tumor metastasis. Therefore in this study, cell motility was used as an indicator of metastatic potential.
Elevation of Src family kinase activity in metastases was reported in human colorectal cancer (Talamonti et al., 1993) and in human melanoma (Marchetti et al., 1998) . According to these reports, there is clear difference in the activated member of Src family kinase among types of tumors. Talamonti et al. showed increased activity of c-Src in liver metastases compared to primary tumor. Marchetti et al. used brain metastatic sublines and found that kinase activity of Yes, not c-Src, was elevated compared to low-metastatic cells. We recently reported that, in a metastatic model of murine melanoma cell lines, kinase activity of Fyn was elevated in high-metastatic sublines, and interacted with cortactin (Huang et al., 2003) . Although not as significant as in the case of murine melanoma, Fyn will also be a candidate for the responsible kinase for metastatic potential of human osteosarcoma. Other members of Src family kinase with relatively low expression, such as c-Src, or with relatively low kinase activity do not appear to be involved in regulation of metastatic potential.
In osteosarcoma, elevated phosphorylation of YDYV motif in p130
Cas in high-metastatic sublines (Figure 2a ) is a possible clue to Src family activation because phosphorylated YDYV motif in p130
Cas stabilizes the active form of Src family kinases by binding with the SH2 domain of Src family kinases (Nakamoto et al., 1996; Burnham et al., 2000) . This type of molecule may function as a regulator of Src family kinases that causes activation of Src family kinases in osteosarcoma cells, although the contribution of phosphorylated p130 Cas may be low considering the small effect of RNAi on the cell motility.
Although this is the first report on hyperphosphorylation of paxillin in a metastatic tumor, some studies investigated the relationship of cell motility and tyrosine phosphorylation of paxillin. Tyr 31 and Tyr 118 of paxillin are phosphorylated upon cell adhesion (Burridge et al., 1992) and Src family tyrosine kinases (Klinghoffer et al., 1999) , FAK (Schaller and Parsons, 1995) , and c-Abl (Lewis and Schwartz, 1998) are reported to phosphorylate these sites. The roles of phospho-paxillin on cell motility are still controversial. Migration-promoting effect of phospho-paxillin was demonstrated by using Nara bladder tumor II (NBTII) cells (Petit et al., 2000) , while migration-inhibitory effect was shown by using NMuMG cells, MM-1 cells and Cos 7 cells (Yano et al., 2000; Tsubouchi et al., 2002) . Our results have added another example of the migrationpromoting effects of phospho-paxillin.
The migration-promoting effect of phospho-paxillin might be due to interaction with Crk (Schaller and Parsons, 1995) . Crk interacts with a cellular protein DOCK180, which binds directly and activates small GTPase Rac1 (Kiyokawa et al., 1998) . Activation of this pathway provides a link between paxillin-Crk association and cell motility.
The binding partners of phospho-paxillin seem to vary among tumor types and may provide some clue for the controversy between migration-promoting and inhibitory effect of phospho-paxillin. In NMuMG cells, in which phosho-paxillin exerts migration inhibitory effect, phospho-paxillin was shown to bind p120Ras-GAP and RhoA activity was suppressed as a downstream of signal transduction (Tsubouchi et al., 2002) . Therefore, it is also possible that SH2 domain-containing molecule other than Crk may function as a binding partner of phospho-paxillin and send a positive signal for cell motility in osteosarcoma cells.
We observed the impaired motility by knocking down the expression of paxillin and showed the direct effect of paxillin on cell migration. Paxillin-knocked-down cells showed 67% migration activity compared to LacZ siRNA-treated cells. One reason for this rather weak motility suppression is the partial effect of RNAi, as 40% of paxillin and 68% of phospho-paxillin remained after the treatment with paxillin siRNA compared to LacZ siRNA-treated cells. Another possible reason is the existence of other factors that enhance the metastatic potential independently of paxillin. However, considering the partial effect of RNAi, it can be estimated that paxillin has a significant contribution to high-metastatic phonotype.
We examined the contribution of p130 Cas , which is another substrate of Src family kinase and involved in the integrin signaling. As a result, suppression of p130 Cas expression did not affect the motility of high-metastatic osteosarcoma cells, which supports the relative importance of paxillin in the motility of osteosarcoma cells.
FAK is also known as a binding partner and a substrate of Src family kinase. However, in the osteosarcoma sublines, the tyrosine phosphorylation of FAK was not correlated with the activity of Src family kinase. This may suggest that, in the case of human osteosarcoma, the phosphorylation of FAK reflects other kinase activity including autophosphorylation and is not strongly associated with metastatic potentials.
We have shown the migration-promoting effect of phosho-paxillin by overexpression of GFP-paxillin and its mutant. Expression of exogenous GFP-paxillin enhanced the cell motility in the low-metastatic subline, while expression of GFP-2F mutants did not. Furthermore, we showed paxillin overexpression and Src family activity could contribute to the high metastatic potential of osteosarcoma. Expression of Fyn-FLAG and paxillin-FLAG at the same time in the L12 subline promoted the motility synergistically, although it did not enhance the motility to the extent of high-metastatic sublines, probably because of the existence of other factors which contribute to the high-metastatic potential of osteosarcoma. These results strongly suggest that this cooperative function of Src family kinase and paxillin also works in endogenously expressed proteins and play a major role in high-metastatic phenotype of osteosarcoma cells.
Then, what is the mechanism of overexpression of paxillin in high-metastatic sublines of human osteosarcoma? The locus of paxillin, 17p8q, is not included in the areas where comparative genomic hybridization (CGH) analysis revealed that gene amplification is frequent in human osteosarcoma (Batanian et al., 2002; Squire et al., 2003; Lau et al., 2004) . Paxillin mRNA in high-metastatic sublines is at most 1.7 times compared to that in low-metastatic sublines by cDNA microarray analysis (Nakano et al., personal communication) . Considering high-metastatic sublines express about five times as much paxillin as low-metastatic sublines, paxillin may be highly stable and degraded slowly in high-metastatic sublines.
In conclusion, this study provides information on the importance of phospho-paxillin during metastasis of human osteosarcoma. We have shown that enhancement of Src family kinase activity and overexpression of paxillin synergistically contribute to the high metastatic potential of human osteosarcoma through hyperphosphorylation of paxillin. Further biochemical analysis is needed to clarify the phosphotyrosine-dependent binding partner with paxillin, since the downstream pathway specific to tumor metastasis is a potential therapeutic target. If Src family kinases are activated by a specific mechanism in metastatic osteosarcoma, that would also be an attractive therapeutic target. These themes deserve investigation to improve the extremely poor prognosis of metastatic osteosarcoma.
Materials and methods
Antibodies and reagents
Anti-phosphotyrosine antibody 4G10 was purchased from Upstate Biotechnology. Phospho-specific antibodies against Tyr 460 and Tyr 762 of p130
Cas were raised by immunizing rabbits with peptide CAEDVYDVP and CME-DYDYVHL, respectively, and affinity purified. As anti-p130 Cas antibody, polyclonal Cas2 antibody was used as described previously (Sakai et al., 1994) . Monoclonal antibody against FAK was from BD Transduction Laboratories. Polyclonal antibody against phospho-FAK (Tyr 397) was purchased from Upstate Biotechnology. Monoclonal antibody against c-Src (GD11) was from Upstate Biotechnology. Polyclonal antibodies against Fyn (Fyn-3), Fgr (N-47) and pan-Src (Src-2) were from Santa Cruz Biotechnology. Monoclonal antibodies against Yes, Hck, Lck and Lyn were purchased from BD Transduction Laboratories. Monoclonal antibody against paxillin was from Zymed Laboratories Inc. Polyclonal antibody against phosphopaxillin (Tyr 118) was purchased from Cell Signaling. Anti-a-tubulin antibody (B-5-1-2) was purchased from SIG-MA. Monoclonal antibody against Abl was from BD Biosciences. Polyclonal antibody against GFP (598B) was from Medical and Biological Laboratories. HRP-conjugated anti-mouse antibody was purchased from Amersham Pharmacia. Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 594 goat anti-rabbit IgG and Alexa Fluor 546 phalloidin were purchased from Molecular Probe. Normal rabbit serum was from DakoCytomation. Src family kinase inhibitor PP2 and the structural analog PP3 were purchased from CalbiochemNovabiochem Ltd.
Plasmids
A FLAG epitope-tagged paxillin construct was generated by amplifying the coding sequence of human paxillin by PCR using the primers 5 0 -CGTACCTCGAGGCCATGGACGA CCTCGACGC-3 0 and 5 0 -GGAATTCATTTGTCGTCGTC GTCCTTGTAGTCGCAGAAGAGCTTGAGGAAGC-3 0 . This resulted in a fragment with an XhoI site (underlined), a sequence encoding the FLAG epitope (DYKDDDDK), followed by a termination codon and an EcoRI site (underlined). This fragment was then digested with XhoI and EcoRI sequentially, and ligated into the mammalian expression vector pcDNA3.1(À)/ Myc-His B (Invitrogen).
GFP-paxillin is a kind gift from Dr Y Sawada (Department of Biological Sciences, Columbia University). Phenylalanine mutant at Tyr 31 and Tyr 118 was generated by amplifying GFP-paxillin with following primers. A FLAG epitope-tagged Fyn construct was generated by amplifying the RT-PCR product of human colon cancer cell line, HCT116, by PCR using the primers 5 0 -GGATC CATGGGCTGTGTGCAATGTAAG-3 0 and 5 0 -GTTAACT CACTTGTCGTCATCGTCCTTGTAGTCCAGGTTTTCA CCAGGTTG-3 0 . This PCR product was first inserted into pGEM-T Easy vector (Promega), followed by excision with EcoRI, and ligated into the mammalian expression vector pcDNA3.1(À)/Myc-His A (Invitrogen).
Cell culture and transfection
A human osteosarcoma cell line, HuO9, and its high-metastatic (M112, M132) and low-metastatic (L12, L13) sublines have been described previously (Nakano et al., 2003) . Osteosarcoma cells were maintained in RPMI 1640 medium with 10% fetal bovine serum (FBS) at 371C with 5% CO 2 . Cos-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% FBS at 371C with 5% CO 2 . Transfection was performed by using FuGENE 6 (Roche) according to the manufacturer's instruction. Selection of clones was performed by using geneticin (Sigma) at the concentration of 30 mg/ml.
Immunoblotting and immunoprecipitation
Before extracting cell lysates, osteosarcoma cells were cultured for at least 48 h to ensure complete cell adhesion to culture dishes unless otherwise indicated. Cells were lysed in 1% Triton X-100 buffer (50 mM HEPES, 150 mM NaCl, 10% glycerol, 1% Triton-X 100, 1.5 mM MgCl 2 , 1 mM EGTA, 100 mM NaF, 1 mM Na 3 VO 4 , 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride), and insoluble materials were removed by centrifugation. To investigate the effect of PP2 treatment, cells were treated with 10 mM of PP2 or 10 mM of PP3 for 30 min prior to harvesting cells.
Protein concentration was measured by BCA Protein Assay (PIERCE) and the protein aliquots were separated by SDS-PAGE. Gels were transferred to a polyvinylidene difluoride membrane (Millipore) and subjected to immunoblotting. After blocking in 5% skim milk/TBST (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05% Tween 20) for 1 h, blots were incubated with appropriate primary antibodies. In case of 4G10 stain, blocking was performed with 5% bovine serum albumin (BSA) which was used instead of skim milk. Blots were then washed three times with TBST, incubated with HRP-conjugated secondary antibodies for 30 min, washed twice by TBST and twice with TBS (100 mM Tris-HCl pH 8.0, 150 mM NaCl), and visualized by autoradiography using chemiluminescence reagent (Western Lighting, Perkin Elmer).
The images were captured by molecular imager GS800 (BIO-RAD) and the density of each smear was quantified by Quantity One (BIO-RAD).
For immunoprecipitation, aliquots of protein were mixed with appropriate antibodies and incubated for 1 h on ice. Then, samples were rotated with protein A-or protein Gsepharose beads (Amersham Pharmacia) for 2-12 h at 41C. After the beads were washed four times with 1% Triton-X 100 buffer, the samples were boiled in sample buffer (0.1 M Tris-HCl pH 6.8, 2% SDS, 0.1 M dithiothreitol, 10% glycerol, 0.01% bromophenol blue) for 5 min and analysed by SDS-PAGE.
Immunocytochemistry
Cells were grown on 12-mm circle cover glasses (Fisher) in 24-well plates, washed three times with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde/0.1 M phosphate buffer for 5 min at room temperature, washed once with PBS, and permeabilized with 0.2% Triton-X 100 in PBS for 10 min. After another washing step with PBS and blocking in 5% goat serum and 3% BSA/TBST for 30 min, cells were incubated with anti-paxillin antibody (1 : 2000) and anti-phospho-paxillin antibody (1 : 250) in 5% goat serum and 3% BSA/TBST for 1 h at room temperature. Cells were washed three times with PBS and incubated with appropriate second antibodies (Molecular Probe) (1 : 2000) in 5% goat serum and 3% BSA/TBST. When actin was stained with phalloidin, Alexa Fluor phalloidin was combined with second antibody at the concentration of 1 U/ml.
After cells were washed three times with PBS, cover glasses were mounted in 1.25% DABCO, 50% PBS, 50% glycerol and visualized using a Radiance 2100 confocal microscopic system (BIO-RAD).
In vitro kinase assay
For kinase assay, fresh cell lysate was prepared and mixed with the antibody of interest for 1 h on ice. Then, samples were rotated with protein A-sepharose or protein G-sepharose for 1 h at 41C. The beads were consequently washed with 1% Triton-X 100 buffer and kinase buffer (50 mM Tris HCl, pH 7.4, 50 mM NaCl, 10 mM MgCl 2 , 10mM MnCl 2 ) three times, respectively. Kinase reaction was performed in 30 ml of kinase buffer with 10 mg of synthetic polypeptides poly[Glu-Tyr](4 : 1) (Sigma) as exogenous substrate and 5 mCi of [g-32P]ATP (ICN) at room temperature for 1 h. Kinase reaction was stopped by the addition of SDS-PAGE sample buffer (0.1 M Tris-HCl pH 6.8, 2% SDS, 0.1 M dithiothreitol, 10% glycerol, 0.01% bromophenol blue). The samples were boiled for 5 min and analysed by SDS-PAGE using 8% polyacrylamide gel. The gels were then dried and exposed to autoradiography. The images were captured by molecular imager GS800 (BIO-RAD) and the density of each smear (area shown by a bracket) was quantified by Quantity One (BIO-RAD).
Cell migration assay
Cell migration assay was performed by using Cell Culture Insert with 8.0 mm pore size PET filter (Becton Dickinson). Prior to the assay, the lower surface of the filter was immersed for 30 min in 10 mg/ml fibronectin (Sigma) diluted with PBS. Next, 700 ml of RPMI 1640 medium with 10% FCS was added to the lower chamber. Then, 5 Â 10 4 cells were suspended in 300 ml of RPMI 1640 medium with 10% FCS and added to the upper chamber.
After incubation for 24 h at 371C in a humid 5% CO 2 atmosphere, the cells on the upper surface of the filter were completely removed by wiping with cotton swabs. The cells on the lower surface of the filter were fixed in methanol for 30 min, washed with PBS, and then stained with Giemsa's stain solution (Muto Pure Chemicals Co. Ltd.) for 30 s. After washing three times with PBS, the filters were mounted on a glass slide. The cells on the lower surface were counted from photographs taken of at least five fields at a magnification of Â 200 under the microscope. Student's t-test was used to analyse data from these experiments. To investigate the effect of PP2 treatment, cells were allowed to migrate in the presence of 10 mM of PP2 or 10 mM of PP3.
RNAi analysis
siRNA of human paxillin and p130
Cas was generated using BLOCK-iT RNAi TOPO Transcription Kit and BLOCK-iT Complete Dicer RNAi Kit (Invitrogen) according to the manufacturer's instructions. In the generation of siRNA for paxillin, 936 bp from the initiation codon of human paxillin were chosen as the target sequence, and amplified by PCR using the primers, 5 0 -ATGGACGACCTCGACGCC-3 0 and 5 0 -GTTCAGGTCAGACTGCAGGC-3 0 . As for p130
Cas , 866 bp was chosen as the target sequence, and amplified with the primers, 5 0 -ACACCATGAACCACCTGAACGTG-3 0 and 5 0 -ATACACCTCCAGCAACGGGT-3 0 . siRNA of LacZ was generated in the same procedure as paxillin siRNA, and was used as a negative control. Transfection was performed with Lipofectamine 2000 (Invitrogen) and the effect was analysed 72 h after the transfection.
Abbreviations BSA, bovine serum albumin; Cas, Crk-associated substrate; FAK, focal adhesion kinase; FBS, fetal bovine serum; PBS, phosphate-buffered saline; PP2, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine; PP3, 4-amino-7-phenylpyrazol [3,4-d] pyrimidine; RNAi, RNA interference; SH2, Src homology 2 domain; siRNA, short interfering RNA.
